Guaranteeing successful flowering is very important in economic plant species, especially apple (Malus domestica Borkh.), which is difficult to induce to flower. However, the gene expression and networks involved in flowering have not been totally characterized. Here, we employed mRNA and microRNA (miRNA) sequencing to understand the different responses to gibberellin-and its inhibitor paclobutrazol-(PAC) mediated flower induction. Significant opposite cytological and morphological changes were observed in treated terminal buds, which led to a reduced flowering rate under gibberellin and an increased flowering rate under PAC. We also found that the differentially expressed mRNAs, miRNAs and miRNA target genes participated in different biological networks including hormones, photosynthesis, redox state and other metabolic processes, which provided important clues to understand the complex networks involved in apple flower induction. Additionally, we subsequently focused on one important candidate, MdSPL3, which is one of 31 apple SPL gene family members and whose transcription was inhibited by gibberellin but promoted by PAC. Functional investigation showed that MdSPL3 was located in the nucleus, and ectopic MdSPL3 activated floral meristem identity genes, promoted the formation of floral primordia and led to an earlier flowering phenotype in Arabidopsis. Our research identified critical mRNA and miRNA responsive to gibberellin or PAC, and provided a candidate framework for flower induction. This carefully orchestrated regulatory cross-talk highlighted potential targets for developing regulatory techniques and genetic improvement of flower induction in apple.
Introduction
Apple, as one of the most important table fruits, is widely planted in temperate regions. However, flower induction is becoming one of the most serious problems in apple production, as inducing flowering is always difficult and apple shows an alternate bearing phenomenon, leading to low crop yields and huge economic losses. Flower induction is an important process and includes two stages, the physiological differentiation stage and the morphological differentiation stage. The physiological differentiation stage is characterized by various changes of endogenous flower signals and a transition from the vegetative stage to the reproductive stage during meristem development. Morphological differentiation mainly refers to the formation and development of macroscopic flower organs. The physiological differentiation stage is the most important stage, as it directly determines the flower bud fate.
Flower induction is a complex biological process that integrates endogenous and external factors (Guitton et al. 2012 . In Arabidopsis, nearly 180 genes have been identified to play important roles in controlling flowering time through six major pathways, including the vernalization, autonomous, photoperiod, gibberellin, ambient temperature and age pathways (Fornara et al. 2010) . Additionally, molecular research has shown that these inductive pathways are integrated by some key flowering genes, such as SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE (SPL), SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), LEAFY (LFY), APETALA1 (AP1) and FRUITFULL (FUL) (Amasino 2010 , Fornara et al. 2010 , Negishi et al. 2018 . In addition to these protein-coding genes, microRNA (miRNA) genes have also been implicated in regulating flower induction. Among the known miRNA genes, miR156 and miR172 are the most important, are involved in the aging pathway and regulate a series of developmental processes (Matsoukas et al. 2012 , Xue et al. 2017 .
However, in perennial woody plant trees, the molecular and transcriptional regulatory mechanisms of flower induction are not well characterized. Flower induction has not been as thoroughly researched in these species as in the model plant Arabidopsis, because of their long life cycles and lower genetic transformation rates. Meanwhile, flower characteristics also differ between woody fruit trees and Arabidopsis (Galvão et al. 2012 , Yamaguchi et al. 2014 . For example, fruit trees always show a long juvenile period and alternate bearing, while Arabidopsis can directly flower and continue fruiting within a few months. Exogenous GA 3 treatment also produces different phenotypes, promoting and inhibiting flowering in Arabidopsis and fruit trees, respectively. (Galvão et al. 2012 , Yamaguchi et al. 2014 , Fan et al. 2017a . Thus, it is necessary to extend our knowledge about the genetic mechanisms and expression characteristics of genes involved in apple flower induction.
Recently, researchers have paid a lot of attention to the complex floral biology problem. This research has mostly concentrated on gene functions in vitro or molecular mechanisms related to flowering regulation techniques. For example, MdTFL1-silenced plants showed faster flower development and shorter generation times (Kotoda et al. 2006 , Flachowsky et al. 2012 , and overexpression of MdFT1 resulted in earlier flowering in vitro (Kotoda et al. 2010) . Additionally, ectopic expression of Md-miRNA156h and Md-miR172e affected flowering time in Arabidopsis (Sun et al. 2013 . However, this gene functional research has been limited to in vitro studies and has not been applied to apple breeding. Despite the lack of genetic research applicable to apple planting, some other useful technologies have been used to improve apple flower induction. For example, shoot bending and spraying with 6-benzylaminopurine (6-BA) or sugar during flower induction stages have been used in apple cultivation to improve flowering rates significantly in the following year (Y.Y. , Fan et al. 2017b . Genomic miRNA expression analysis showed that 95 miRNAs clustered into auxin-, cytokinin (CTK)-, ABA-and gibberellinmediated flowering induction pathways were differentially expressed after shoot bending (Xing et al. 2015) . Exogenous 6-BA or sugar treatment also affected the transcription levels of some key genes and led to a higher flowering rate (Y.M. , Du et al. 2017 , Fan et al. 2017b . These simple and useful techniques have been vigorously applied to overcome the flowering problem and maintain a stable fruit yield during apple production in commercial orchards.
Gibberellin is one of the most important plant hormones, and has been reported to function in seed germination, hypocotyl elongation, leaf development, flower induction and other agronomic traits. Gibberellin can also integrate with other plant hormones to regulate plant growth , Hofmann 2015 . In particular, the flowering-related functions of gibberellin have received much attention in various plant species (Yamaguchi et al. 2014 , Xing et al. 2015 , Fan et al. 2017a , Fan et al. 2017b ). However, except in Arabidopsis, knowledge of the potential regulatory networks of gibberellin-mediated flower induction is lacking. It was reported that 2,000 unique genes showed expression changes in response to gibberellin treatment during the flowering induction period in citrus (Goldberg-Moeller et al. 2013) . Additionally, many gibberellin-related cis-elements related to the regulation of photosynthesis were identified in Populus (Xie et al. 2016 ). Gibberellin signaling-related genes have also been identified in apple, such as GRAS and GASA, and have been reported to be involved in gibberellin-mediated flower induction (Fan et al. 2017a,c) .
Paclobutrazol (PAC) is usually regarded as a gibberellin biosynthesis inhibitor. PAC, as one of the most important plant growth regulators, has been widely used to improve agronomic traits, such as plant height, abiotic stress resistance and antioxidant contents, as well as to control flower induction in date palm, mango, sweet potato, apple and other horticultural plants (Zhu et al. 2004 , Lin et al. 2006 , Srivastav et al. 2010 , Cohen et al. 2013 . In lily, exogenous PAC treatment reduced plant height by regulating cell division and expansion, and gibberellin metabolism and signaling genes, such as KAO, GA2OX, GA20OX and DELLA (Zhu et al. 2016) . In ryegrass, PAC increased the expression of PEROXIDASE (POD), CATALASE (CAT), ASCORBATE PEROXIDASE (APX) and SUPEROXIDE DISMUTASE (SOD) genes in response to drought stress (Mohammadi et al. 2017) . In addition to these functions, the flowering-related effects of PAC have also been researched. Soil application of PAC promoted vegetative growth and resulted in higher flowering and fruiting rates in 'Ascolana' olive (Moreira et al. 2016) ; similarly, an increased flowering rate was observed in apple . PAC-related floral biology research has also been performed in other plants, such as moth orchid (Newton and Runkle 2010) and Eucalyptus nitens (Gardner et al. 2005) . Although cross-talk in flower induction has been researched in many plants, it is still not well understood in apple, especially the responses to gibberellin and PAC, and the underlying regulatory networks. With the development of high-throughput sequencing technologies and the resequencing of the apple genome (Daccord et al. 2017) , we now have the opportunity to investigate systematically all differentially expressed genes, as well as their complex regulatory networks, in response to exogenous gibberellin and PAC treatments.
In this study, we performed a systematic analysis of gibberellin-and PAC-mediated flower induction in Fuji apple. Physiological characteristics including shoot length, bud morphology, flowering rate and endogenous hormone activities were analyzed after gibberellin and PAC treatments. Genomic mRNA and miRNA expression was also investigated with highthroughput sequencing. We hope our basic investigation of gibberellin-and PAC-mediated flower induction will provide clues for apple production and help develop biological theories of flower induction in apple, as well as other fruit trees.
Results

Phenotypes of Nagafu No.2 apple trees under gibberellin and PAC treatments
Exogenous gibberellin and the gibberellin inhibitor PAC were applied on May 10, 2015, when most current-year shoots had stopped growing and flower induction began in the study area (34 47'N, 109 2'E) (Xing et al. 2015) . Subsequently, we analyzed the lengths of long shoots. Interestingly, gibberellin promoted shoot growth while PAC inhibited it ( Supplementary Fig. S1A ).
The plants showed higher growth rates in particular 5 d after treatment with gibberellin. Additionally, the final shoot lengths showed different trends. Overall, gibberellin promoted shoot growth and led to a longer phenotype, followed by the control and PAC.
Flowering rates were determined in the following years in 2016 and 2017. Fig. 1A -C shows the visual phenotypes of gibberellin-treated, PAC-treated and control trees. The flowering rate was extremely reduced by gibberellin treatment, while an opposite phenomenon was observed under PAC treatment (Fig. 1D, E) . Different shoot types were also observed under different treatments ( Supplementary Fig. S1B ).
Bud morphological and cytological characterization in different treatments
Bud morphological characteristics were analyzed during the flower induction stages. Apparent distinctions were observed among buds from the gibberellin, PAC and control treatments ( Fig. 2A) . To examine their cytological differences, buds in two morphological periods (120 and 150 days after full bloom; DAFB) from different treatments were observed under scanning electron microscopy. In accordance with their morphological characteristics, the gibberellin-treated buds were narrower in the earlier stage (Fig. 2B) , while PAC-treated buds were thicker than control buds (Fig. 2C, D) . A crosssection from another stage confirmed these differences ( Fig. 2E-G) . Additionally, the bud morphological characteristics, including bud weight, width and length, were analyzed during the growth period ( Fig. 2H-J ). Large differences were observed after the treatments. Bud weight, length and width showed similar patterns, with heavier and longer buds after PAC treatment, followed by the control; gibberellin-treated buds were the smallest (Fig. 2H, I ). These results indicated that exogenous gibberellin treatment inhibited bud growth and led to smaller buds, while exogenous PAC treatment promoted bud growth and resulted in larger buds. Their growth rates were also analyzed ( Fig. 2K-M) . All of the buds showed a rapidly increasing trend in the first 3 months after blooming, and then showed gradual changes.
Bud hormone content determination in different treatments
To investigate the dynamic hormone changes in response to exogenous gibberellin and PAC treatments, the contents of endogenous hormones including GA 1 + 3 , GA 4 + 7 , IAA, zeatin riboside (ZR) and ABA in the treated buds were analyzed according to previous methods ). Large differences were observed in GA 1 + 3 and GA 4 + 7 after exogenous gibberellin and PAC treatment; the endogenous GA 1 + 3 and GA 4 + 7 contents showed rapidly increasing trends after gibberellin treatment from 30 to 70 DAFB, but were slightly decreased by PAC treatment (Fig. 3A, B) . IAA, ZR and ABA contents also differed during the flower induction period (Fig. 3C-E) . The ZR/gibberellin ratio is an important hormone index. The ZR/gibberellin ratios showed large differences among different treatments (Fig. 3F) . Overall, our results showed that exogenous gibberellin and PAC treatments affected endogenous hormone contents, which led to various phenotypes.
Global mRNA expression signatures of treated buds
To characterize differentially expressed genes (DEGs) in response to exogenous gibberellin and PAC treatments, highthroughput RNA sequencing was performed with buds from the gibberellin, PAC treatments and control at 50 DAFB, which was critical for flower induction (Xing et al. 2015 . All raw data were filtered and processed by removing low-quality reads and reads containing adaptors or poly-N. Finally, a total of 36.38 Gb of clean data were obtained from six libraries (three treatments with two biological replicates each), with high Q20 (>95%) and Q30 (>91%) values and GC contents (47.39%) (Supplementary Table S1 ). The clean reads were then mapped to the apple genome GDDH13 Version 1.1 with the Bowtie v2.2.3 and TopHat v2.0.12 software (Trapnell et al. 2012 , Daccord et al. 2017 ). More than 90% reads were mapped to the reference genome (Supplementary Table S2) .
To characterize the different mechanisms involved in the responses to gibberellin and PAC treatments, HTSeq v0.6.1 and the DESeq R package were employed to quantify gene expression levels and identify DEGs. All expressed genes in the different treatments are shown with a violin graph (Fig. 4A) . Distribution plots of different comparisons are also shown, i.e. gibberellin vs. control (Fig. 4B) , PAC vs. control ( Fig. 4C) and gibberellin vs. PAC (Fig. 4D) . All DEGs were clustered as shown in Fig. 4E . A total of 5,412 DEGs were identified between gibberellin and the control (Fig. 4F) , with 2,544 upregulated ( Fig. 4G) and 2,868 down-regulated genes (Fig. 4H) . However, after PAC treatment, only 2,370 DEGs were identified compared with the control (Fig. 4F) , comprising 1,561 up-regulated ( Fig. 4G ) and 809 down-regulated genes (Fig. 4H) . We also analyzed the DEGs between the gibberellin and PAC treatments. Remarkably, a total of 8,245 DEGs were identified between gibberellin and PAC (Fig. 4F) , including 3,563 upregulated ( Fig. 4G) and 4,682 down-regulated genes (Fig. 4H) .
Identification and functional annotation of DEGs highly associated with flower induction All the DEGs were classified into different expression patterns according to hierarchical clustering (Supplementary Fig. S2 ; Supplementary Table S3 ). Then, Gene Ontology (GO) analysis was performed to characterize the potential involvement of the DEGs in response to exogenous gibberellin and PAC treatments. The DEGs were divided into three main clusters, namely the biological process, molecular function and cellular component categories (Supplementary Table S4 Table S4 ), indicating the diverse roles of the DEGs in response to gibberellin or PAC treatment. GO terms related to responses to stimulus, metabolism, sugar and carbohydrate processes, and other specific developmental processes were identified for the DEGs. Additionally, specific photosynthesis-related GO terms, including 'photosystem I reaction center', 'photosystem I' and 'photosystem' were identified after the gibberellin treatment. We also investigated the involvement of the DEGs in different KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways in response to the gibberellin and PAC treatments. Flavonoid biosynthesis, photosynthesis, plant hormone signal transduction and stilbenoid, diarylheptanoid and gingerol biosynthesis pathways were enriched after gibberellin treatment, while flavonoid biosynthesis, terpenoid biosynthesis, a-linolenic acid metabolism and carbon fixation pathways were enriched after PAC treatment (Supplementary Table S5 ).
Some clusters of DEGs were enriched in hormone pathways, including gibberellin, IAA, ABA, brassinosteroid (BR), methyl jasmonate (MeJA) and salicylic acid signaling pathways (Fig. 5A, B) . These DEGs were involved in hormone synthesis or metabolism in response to gibberellin or PAC treatment. For example, GA20OX (MD05G1009100), which encodes a key enzyme in gibberellin biosynthesis, was significantly upregulated after PAC treatment and showed little response to exogenous gibberellin; however, GA2OX genes (MD05G1283800, MD10G1262000, MD05G1207000 and MD13G1008700) were up-regulated in response to gibberellin and down-regulated in response to PAC ( Fig. 5C ; Supplementary Table S6) . Their downstream genes DELLA and GID1 also showed different expression patterns in response to gibberellin or PAC treatment; e.g. one DELLA member (MD16G1023300) was inhibited by exogenous gibberellin treatment. Additionally, members of the GRAS and GASA gene families showed strong responses to gibberellin or PAC treatment. Two GASA members (MD14G1200300 and MD16G108600) showed opposite (inhibited and promoted) expression patterns in response to gibberellin. Besides gibberellin-related genes, some IAA-and CTK-related genes also showed greatly different transcriptional levels, and various members of these groups have been shown to be responsive to endogenous gibberellin or 6-BA treatment, including auxin efflux carrier genes (PIN), auxin induction genes (IAA/AUX) auxin response genes (ARF, SAUR) and CTK genes such as cytokinin oxidase (CKX) and cytokinin response factors (ARR) ( Fig. 5 ; Supplementary Table S6 ). Other hormonerelated genes, such as jasmonic acid (JMT, MD15G1023600 and MD15G1023700), salicylic acid (SAMT, MD10G1071000 and MD10G1071200), BR signaling genes (BZR1, MD00G1007700 and MD03G1246200), and ABA catabolism and receptor genes (MD03G1088100, MD06G1010900 and MD15G1060800), also showed different transcriptional levels in response to gibberellin or PAC treatment. Overall, this indicated that these DEGs might be involved in gibberellin-or PAC-mediated flower induction in apple.
Previous studies have shown that photosynthesis and sugar signals are important in apple flower induction , Du et al. 2017 . Here, we analyzed whether any of the DEGs participated in photosynthesis or sugar metabolism to affect flowering. Interestingly, many light-harvesting complex PSIand PSII-related genes were differentially expressed. In particular, LHCB5 (MD00G1161400), LHCB3 (MD03G1218900), LHCA1 (MD0 7G1175900), LHCB6 (MD08G1220900), LHCB2 (MD09G1122500), LHCA3 (MD09G1134800), LHCB1.3 (MD10G1265300 and MD10G1265400) and other photosynthesis subunit-related genes (MD17G1191200 and MD17G1191400) were down-regulated in response to gibberellin treatment. Similarly to the photosynthesis-related genes, sugar transporter family genes (MD05 G1326100, MD07G1212700, MD08G1148300, MD12G1225900, MD14G1077100, MD15G1123800, MD15G1173600 and MD16 G1189900) were also inhibited and showed lower transcript levels in response to gibberellin treatment. However, these genes showed diverse expression patterns (higher or lower) after PAC treatment ( Fig. 5 ; Supplementary Table S7 ). For example, sorbitol dehydrogenase genes (SDH, MD00G1005600 and MD00G 1005700) were inhibited by gibberellin and promoted by PAC. Sucrose synthase-related (MD10G1321800) and transporterrelated (MD16G1125300) genes also showed opposite expression patterns in response to exogenous gibberellin and PAC treatments. Apart from these hormone-or sugar-related genes, flowering-related genes were also investigated with their FPKM (fragments per kilobase of transcript per million mapped reads) value. As Supplementary Fig S1C shows , FT and TFL genes were partially inhibited by gibberellin treatment, but this was not significant. There was also no obvious difference in SOC1 under gibberellin and PAC treatments. Meanwhile, the expression level of LFY, FUL and AP1 was extremely low at 50 DAFB, and LFY was induced little by gibberellin. We also explored whether transcription factors were affected by these two treatments. First, about 960 putative transcription factors from 52 families were identified, with different gene numbers in each family, among which MYB, AP2, bHLH, NAC and HB had the greatest numbers, while the LFY and YABBY families had lower numbers in the apple genome ( Supplementary Fig. S3 ). Additionally, their responses to gibberellin or PAC were not always consistent. For example, two AP2-related genes (MD15G1397400 and MD10G1032000) were promoted and inhibited after PAC treatment, respectively. Similar results were observed in other gene families, such as the MYB gene family (MD09G1271400 and MD12G1110500) and the NAC gene family (MD16G1069500 and MD13G1063900).
Furthermore, quantitative real-time PCR (qRT-PCR) analysis confirmed their differing expression and was consistent with the sequencing results (Fig. 5D ).
Global miRNA expression signatures of treated buds
To explore the differentially expressed miRNAs involved in the regulation of apple flower induction in response to gibberellin or PAC treatment, six microRNA (miRNA) libraries were constructed. A total of 3.5 Gb of data were obtained, with Q20 values >97%, and Q30 values >85% (Supplementary Table S8 ). After removing low-quality data, nearly 3.2 Gb of clean data were obtained (Supplementary Tables S9, S10 ). The lengths of the sRNAs ranged from 18 to 30 nt, although 21-24 nt RNAs were the most abundant (Fig. 6A ). The unique reads were then mapped to the apple genome, miRBase and the plant miRNA database to identify known miRNAs (Xin et al. 2016) . A total of 186 known miRNAs were identified from 38 miRNA families, with large differences in the number of members in each family (Fig. 6B) . The miR156 family had the most members, followed by miR172 and miR171; while the miR1511, miR169, miR171, miR125, miR827 and miR477 families only had one member.
The expression profiles of the miRNAs were then investigated ( Fig. 6C-F) . Additionally, different expression clusters were identified (Fig. 6G) . A total of 161 differentially expressed miRNAs were identified between the gibberellin treatment and the control (Fig. 6D, H) , of which 80 were up-regulated and 81 were down-regulated (Fig. 6I, J) . Additionally, 160 differentially expressed miRNAs were identified between the PAC treatment and the control (Fig. 6E, H) ; 73 were up-regulated and 87 were down-regulated (Fig. 6I, J) . Finally, Venn diagrams were drawn to visualize the distribution of differentially expressed miRNAs among the various comparisons for all up-and down-regulated miRNAs (Fig. 6K) , up-regulated miRNAs only (Fig. 6L) and down-regulated miRNAs only (Fig. 6M) . We also investigated the differentially expressed miRNAs between the gibberellin and PAC treatments. Interestingly, the number of differentially expressed miRNAs was decreased and only 52 were identified between gibberellin and PAC (Fig. 6F, H) ; 19 were up-regulated and 33 were down-regulated (Fig. 6I, J) . The expression levels of the miRNAs were then determined and they were divided into six categories according to their read counts: 0 reads (no expression), 0-10 reads (very low expression), 10-100 reads (low expression), 100-1,000 reads (moderate expression), 1,000-10,000 reads (high expression) and >10,000 reads (very high expression) (Supplementary Fig. S4A ). Interestingly, different expression patterns were observed between the known and novel miRNA members. For the known miRNAs, all six categories were represented, and miRNAs with 10-100 reads were most abundant in the control, while miRNAs with 0-10 reads were most common in the gibberellin-and PAC-treated trees ( Supplementary Fig. S4A ). All the known differentially expressed miRNAs were then investigated. A total of 102 were differentially expressed between gibberellin and the control ( Supplementary Fig. S4B ), with 28 up-regulated and 74 downregulated ( Supplementary Fig. S4C, D) , and 104 known miRNAs were differentially expressed between PAC and the control, with 24 up-regulated and 80 down-regulated ( Supplementary  Fig. S4B-D) . For the novel miRNAs, extremely varied expression patterns were observed. miRNAs with 0 and 10,000 reads were very limited. miRNAs with 10-100 reads occupied the largest proportion, followed by those with 0-10 reads and 100-1,000 reads ( Supplementary Fig. S4E ). The numbers of differentially expressed novel miRNAs were investigated in different comparisons ( Fig. 4F-H) . A total of 59 miRNAs were differentially expressed between gibberellin and the control, 56 between PAC and the control, and 11 between gibberellin and PAC ( Supplementary Fig. S4F ).
Among the differentially expressed miRNAs, some were down-regulated and some were up-regulated by gibberellin or PAC (Fig. 7A-D) . For example, miR156t, miR160a, miR164a/b, miR408a/b and miR858 were promoted by gibberellin (Fig. 7A) , while miR1511, miR156a/ab, miR159b, miR171 and miR396a/b/ c/f were inhibited by gibberellin (Fig. 7B) . Interestingly, the expression of known miRNAs showed similar patterns when comparing the gibberellin and PAC treatments. For example, miR156t was inhibited by both gibberellin and PAC (Fig. 7C) . Similar patterns were observed for other promoted or inhibited miRNAs (Fig. 7C, D) .
Characterization and target prediction of differentially expressed miRNAs miRNAs usually act together with their target genes to carry out their roles. We used the psRNATarget software to predict the miRNA target genes. KEGG pathway analysis showed that they were involved in biological processes including cellular processes, organismal systems, metabolism, and genetic and environmental information processing in response to gibberellin and PAC, while their target genes were associated with plant hormone signal transduction, peroxisomes, and energy-and photosynthesis-related processes (Supplementary Fig. S5 ). Clusters of Orthologous Groups of proteins (COG) analysis showed that genes were involved in similar processes in response to gibberellin and PAC, as well as cell motility, intracellular trafficking, secretion, vesicular transport, extracellular structures and nuclear structure (Supplementary Fig. S6 ). Although the biological processes in which the DEGs participated were similar, the gene numbers were not consistent. For example, in plant hormone signaling pathways, nearly 10% of annotated target genes were responsive to PAC, but only 2.5% of annotated genes were responsive to gibberellin. Genes associated with starch and sucrose metabolism were also identified in response to PAC, but not to gibberellin ( Supplementary Fig. S5 ), indicating that different regulatory networks and mechanisms were involved in miRNA-regulated gibberellin and PAC signaling during apple flower induction.
The known miRNAs were also associated with some important transcription factors. Some pairs of miRNAs and their target genes are listed here; for example, miR156 and SPL, miR159/ miR858 and MYB, miR160 and GRF, miR164 and GRF, miR166 and HD-Zip, miR168 and AGO, miR169 and NFY, miR171 and GRAS, miR172 and AP2, miR319 and TCP, and miR396 and GRF (Supplementary Table S11 ). We focused on miR156 and its target genes. After prediction and sequence alignment, 11 candidate SPL genes were identified that might be targeted by miR156 (Fig. 7E) . To confirm their differential expression, we used qRT-PCR to investigate their expression patterns. miR156 was promoted by gibberellin while miR172 was inhibited by gibberellin, whereas opposite expression patterns were found in response to PAC (Fig. 7F) . Additionally, to confirm the target relationships of miR156 and SPL, two SPL genes (MD06G1204000 and MD07G1111600) were analyzed with 5'-RACE (5'-rapid amplification of cDNA ends) assay, and they can be cleaved between 8 and 9 base pairs, indicating that they were targeted by miR156 (Fig. 7G) .
Genome-wide identification, evolution and expression analysis of the apple SPL gene family
To confirm and identify all apple SPL genes, a BLASTP search combined with Hidden Markov Model profiles (PF03110) was used to screen the apple genome according to previous studies (Li et al. 2013 , Fan et al. 2017a . A total of 31 SPL genes were identified from the apple genome ( Fig. 8A ; Supplementary Table S12 ). The putative MdSPL gene members were randomly distributed on 14 chromosomes. Sequence alignment showed that three SPL members (MD08G1206100, MD12G1060000 and MD12G1060200) had incomplete SQUAMOSA promoter-binding protein (SBP) structures (Fig. 8B) . Their amino acid lengths ranged from 121 (MD08G1206100) to 1,075 amino acids (MD06G1001500) (Supplementary Table S12 ). Additionally, their chemical characteristics, including molecular weight, grand average of hydropathicity, isoelectric point, instability index and aliphatic index, were also investigated. All grand averages of hydropathicity were <0, indicating that the proteins were hydrophilic, and all instability indexes were >40, indicating that the proteins were unstable. However, the isoelectric points were not consistent; 23 proteins had values >7 and were alkaline proteins (Supplementary Table S12 ). To understand their evolutionary relationships, a phylogenetic tree was built based on 46 SPL protein sequences from the model plant Arabidopsis and from apple. All MdSPL sequences were grouped with AtSPL sequences, indicating tight and conserved evolution of SPL genes (Fig. 8A) . The expression patterns of all the identified SPL genes in response to exogenous gibberellin or PAC were investigated based on the sequence analysis results. Interestingly, some critical SPL genes were identified to be involved in gibberellin-or PAC-mediated flower induction. For example, MD05G1312300, MD06G1204000, MD12G1060200, MD14G1154900, MD17G1236000 and MD09G1008900 were all partially or significantly inhibited by gibberellin and PAC. MD06G1001500 and MD06G1138800 were inhibited by PAC but promoted by gibberellin. Interestingly, among all 31 MdSPL genes, one gene (MD11G1251800) whose transcription was inhibited by gibberellin and promoted by PAC stood out (Supplementary Table S13 ). Its differential expression patterns were consistent with the different flowering phenotypes of gibberellin-and PAC-treated plants and it was grouped with AtSPL3 in the phylogenetic tree.
Cloning, subcellular location and functional analysis of MdSPL3
Based on sequence analysis and its expression in response to both gibberellin and PAC, we focused on the candidate gene MD11G1251800. First, a 570 bp open reading frame that encoded 189 amino acids was cloned from terminal apple buds (Fig. 8C) . It was named M0dSPL3 according to its homologous relationship with AtSPL3 from Arabidopsis. Comparison of the MdSPL3 protein sequences from the two versions of the apple genome showed four and five amino acid variations with the apple genome (Fig. 8C) . MdSPL3 also had a conserved SBP domain and a nuclear localization signal. We fused MdSPL3 with the green fluorescent protein (GFP) from a pCAMBIA2300-GFP vector to investigate its localization. The resulting construct was transferred to Arabidopsis mesophyll protoplast cells. MdSPL3-GFP fluorescence was detected in the nucleus, while the fluorescence from the control (GFP) was detected throughout the protoplast (Fig. 9A) , indicating that MdSPL3 was a nuclear protein and functioned as a transcription factor. To explore its role in more depth, transgenic Arabidopsis plants containing MdSPL3 under its constitutive expression promoter were generated. A total of 11 T 2 lines were obtained and all showed earlier flowering compared with the wild type. We focused on three transgenic lines and planted them in a normal environment with the wild type. Interestingly, the overexpression plants showed fewer trichomes on their leaves (Fig. 9B) . To explore the different flowering phenotypes between 35S::MdSPL3 and wild-type plants, we employed paraffin section analysis to characterize their developmental processes; three transgenic lines showed obvious morphological differentiation (Fig. 9C) . The expression levels of MdSPL3 in different tissues including cauline leaves (CL), rosette leaves (RL), stems (ST), flowers (FL) and fruit (FR) were also analyzed in the transgenic lines. MdSPL3 expression was higher in RL and ST (Fig. 9D) . We also analyzed the expression of related genes, such as AtFT, AtSOC1, AtLFY, AtAP1 and AtFUL, and they all showed increased expression levels ( Supplementary Fig. S7 ). Overall, our results showed that ectopic expression of MdSPL3 promoted floral primordium development and led to an earlier flowering time.
Discussion
As one of the most important economic plants, the prominent flower induction problems of apple directly or indirectly limit fruit yields and income. To the best of our knowledge, few studies have focused on apple flowering induction, and those that have been conducted only investigated the function of one key gene/miRNA or reviewed potential regulators of alternate bearing or shoot bending-mediated flower induction in apple (Flachowsky et al. 2012 , Sun et al. 2013 , Haberman et al. 2016 . Gibberellin, one of the most important phytohormones, is always associated with flower induction, and the gibberellin pathway is regarded as one of the six important flowering pathways, together with the photoperiod, ambient, vernalization, age and autonomous pathways, in the model plant Arabidopsis (Fornara et al. 2010 ). However, the potential mechanisms or networks of gibberellin- mediated flower induction in perennial fruit trees are less well understood. Here, we comprehensively investigated the effects of gibberellin and the gibberellin inhibitor PAC on flower induction. Our systematic survey included cytological, morphological and physiological analyses together with mRNA and miRNA expression profiling. The networks of DEGs in response to gibberellin and PAC during apple flower induction were revealed. This research enriched our biological knowledge and provided insights for the genetic improvement of flower induction in apple, as well as in other fruit trees.
Distinct phenotype differences in apple trees under gibberellin and PAC treatments
Obvious differences in bud and shoot growth were observed after gibberellin or PAC treatment. A previous study revealed that the dwarfism of the 'green revolution' was associated with gibberellin; conversely, the gibberellin inhibitor PAC played an opposite role in regulating plant height (Boss and Thomas 2002, Zhu et al. 2016) . In our present study, we found that currentseason shoots of gibberellin-treated trees were longer and grew more rapidly, while the current-season shoots of PAC-treated trees were shorter ( Supplementary Fig. S1 ), indicating that gibberellin and PAC also play important roles in regulating apple growth and development, similar to grape, lily, switchgrass and other plants (Boss and Thomas 2002 , Wuddineh et al. 2015 , Zhu et al. 2016 . After observing the obvious shoot changes, we focused on bud characteristics. We first examined the morphological and physiological differences in the different treated buds. Throughout the bud development stages, PACtreated buds were the biggest, followed by those in the control and gibberellin treatments, which was associated with a reduced flowering rate under gibberellin and an increased flowering rate under PAC. Subsequent cytological characterization confirmed the differences (Fig. 2) . A previous study showed that exogenous sugar treatment improved bud size and flowering rate in apple (Du et al. 2017) . Here, exogenous PAC treatment led to a similar phenotype to sugar treatment; thus, PAC can also be used as a candidate regulator to apply in apple breeding. It is no surprise that exogenous gibberellin treatment reduced the flowering rate in apple, similar to citrus (GoldbergMoeller et al. 2013 ) and sweet orange (Muñoz-Fambuena et al. 2012) .
Cross-talk between gibberellin and other hormones has often been studied, such as that between gibberellin and jasmonic acid , gibberellin and BR (Hofmann 2015) , and gibberellin and IAA, CTK, ABA and strigolactones (Greenboim-Wainberg et al. 2005 , Daviere and Achard 2016 ; these hormones all co-regulate plant growth and development synergistically or antagonistically. On this basis, we analyzed whether exogenous gibberellin or PAC treatment affected other hormone contents (Fig. 3) . The results showed that other hormones were all affected by gibberellin or PAC treatment, especially GA 1+3 and GA 4+7 , which might be a sequential feedback regulation (Thomas et al. 2005) . Additionally, the ZR content was reduced after gibberellin treatment, which was also associated with higher gibberellin content; this is consistent with SPY (SPINDLY)-mediated gibberellin/CTK cross-talk, which usually represses CTK response regulators (Greenboim-Wainberg et al. 2005) . It has been reported that the ZR (CTK)/gibberellin ratio is an important indicator to evaluate flower bud formation ; here, different ZR/gibberellin ratios were associated with different flowering phenotypes.
Diverse expression patterns and molecular regulation networks in gibberellin-and PAC-mediated flower induction RNA sequencing is an effective and powerful technology that is useful to understand fully expression changes or reveal molecular networks. Here, transcriptome and miRNA sequencing were performed with buds from the gibberellin, PAC treatments and control, which helped us to capture useful information to understand their different phenotypes at a molecular level. A total of 47,110 coding genes were identified, and nearly 80% of the genes were expressed among the three different treatments. Additionally, 11.49% and 5.03% of genes showed transcriptional differences in response to gibberellin and PAC, respectively. However, when analyzing the DEGs between gibberellin and PAC, 17.50% of genes showed differences (Fig. 4) . The number of DEGs between the two treatments (gibberellin and PAC) was greater than that between either treatment and the control (gibberellin vs. control and PAC vs. control), which was in agreement with the opposite roles of PAC and gibberellin (Wang et al. 1986 ).
We first systematically analyzed the GO and KEGG enrichment of the DEGs in response to gibberellin or PAC treatment (Supplementary Tables S4, S5 ). A total of 65 molecular pathways and 10 metabolic processes were enriched in response to gibberellin, while 46 pathways and 12 metabolic processes were enriched in response to PAC. The GO results showed that various molecular processes, including biological processes, molecular functions and cellular components, were involved. Similar to the GO enrichment results, a wide variety of KEGG pathways were enriched, including flavonoid biosynthesis, photosynthesis, plant hormone signal transduction and other metabolism-related pathways. Overall, the wide range of enriched GO terms and KEGG pathways indicated that the gibberellin and PAC treatments affected a series of plant growth processes. Previous studies have shown that the redox state is important in alternate-bearing fruit trees, is involved in flower induction and is affected by exogenous PAC treatment (Lin et al. 2006 , Muñoz-Fambuena et al. 2013 . In the present study, 'oxidation-reduction process' was the most abundant GO term in response to gibberellin or PAC treatment. Apart from oxidation-reduction, the biosynthesis of flavonoids, which have antioxidant activity to resist various abiotic stresses (Bharti et al. 2015 , Zhu et al. 2016 , was also among the most enriched pathways in KEGG analysis, and peroxidase genes (MD01G1034500, MD02G1124700) were differentially expressed (Supplementary Table S7 ). Overall, these results showed that the redox state and its associated flavonoid pathways were important in gibberellin-or PAC-mediated flower induction and could be a candidate critical network for genetic breeding in apple flower induction. Compared with the core metabolic pathways, we found that PAC treatment induced more secondary metabolic processes, such as sesquiterpenoid and triterpenoid biosynthesis; this diterpenoid biosynthesis is highly associated with gibberellin metabolism, indicating the complex response mechanisms involved in the response to PAC (Yamaguchi 2008 , Zhu et al. 2016 ).
The DEGs in the different treatments were also associated with hormone-related flowering, sugar and energy-related flowering and other potential regulatory genes. A series of hormones have been reported to be involved in flower induction , Y.Y. Li et al. 2016 . Here, many catalytic gibberellin activity genes for GA2OX were up-regulated in association with higher endogenous gibberellin content, and those of GA20OX, which is also associated with feedback regulation, were down-regulated (Phillips et al. 1995 , Thomas et al. 1999 , Hedden and Thomas 2012 . Other gibberellin-related genes showed complex transcriptional patterns, which might be associated with early or transient responses to gibberellin or PAC ( Fig. 5; Supplementary Table S6 ) (Zhu et al. 2016) . Some downstream signal transduction genes were also affected. For example, GASA, which has been confirmed to have important roles in regulating flowering time in Arabidopsis, was also responsive (Roxrud et al. 2007 , Zhang et al. 2009 ). In addition to gibberellin-related genes, other hormone genes showed responses. Previous studies have shown that exogenous CTK treatment increases the flowering rate and promotes flowering-related genes. CKX, a CTK degradation gene that participates in shoot apical meristem formation and growth, showed higher transcript levels in response to gibberellin, indicating that CTK-related genes are also involved in the gibberellinand PAC-mediated flowering networks. Additionally, several IAA genes, including IAA, ARF and SAUR, showed different expression patterns, confirming their involvement in flower development ( Fig. 5; Supplementary Table S6 ) , Kim and Ahn 2014 . Other DEGs involved in BR, ABA, salicylic acid and jasmonic acid signaling were also identified from our transcriptome data. Their expression patterns after gibberellin or PAC treatment suggest that they are partially involved in these distinct hormone networks, which has also been explained or confirmed in some model species (Sanders et al. 2000 , Wilmowicz et al. 2008 , Zhai et al. 2015 . Previous studies showed that FT, TFL, SOC1, AP1 etc. played important roles in flower induction in perennial wooden fruit trees (Xing et al. 2015 , Haberman et al. 2016 , Bai et al. 2017 ).
Herein, we also investigated the expression of those candidate genes from sequencing data. FT and TFL was partially inhibited by gibberellin, but their expression levels were not significant at the tested time points (50 DAFB). A previous study showed that gibberellin treatments only caused a significant increase of TFL expression at later time points (90-94 DAFB) on 'Top Red' apples, and no significant differences at other time points (34, 36 and 62 DAFB) (Haberman et al. 2016) , which was similar to our research. Additionally, other flowering-related genes, such as AP1, LYF or FUL, all showed lower expression (FPKM <3) or were hardly (FPKM <1) expressed. SOC1 was not significantly induced by gibberellin, which was similar to the result found in a previous study (Goldberg-Moeller et al. 2013) . LFY genes were less up-regulated, which might be due to a putative gibberellinresponsive cis-element in the LFY promoter as previously reported (Mutasa-Gottgens and Hedden 2009 , Goldberg-Moeller et al. 2013 .
Sugar is the main energy source used to guarantee proper flowering, and so both sugar flux and sugar signaling are important processes (Wahl et al. 2013) . Sugar is important for flower induction in apple , Du et al. 2017 . Here, we found that sugar-and energy-related genes showed differential expression after gibberellin and PAC treatments (Supplementary Table S7 ), which provided evidence that gibberellin is associated with photosynthesis and positively regulates photosynthetic activity (Alvim 1960 , Huerta et al. 2008 , Xie et al. 2016 . There is no doubt that photosynthesis is the most important biological process that provides energy to satisfy plant growth and development. Similarly to the DEGs associated with photosynthesis, genes involved in sorbitol, sucrose, fructose and sugar metabolism showed differential expression, suggesting complex connections between sugar and gibberellin in regulating flower induction. Additionally, the differential expression of peroxidase genes indicates that gibberellin and PAC treatments also affect the redox status during bud growth, which contributes to the different flowering phenotypes.
Besides mRNAs, many miRNAs showed differential expression in response to gibberellin and PAC treatments. Interestingly, these differentially expressed miRNAs and their target genes were associated with hormones, sugar and various other signals. For example, GRF plays important roles in flower development together with miRNA396, and these genes were responsive to gibberellin and PAC. Similarly, miR160 and ARF, which are involved in IAA signaling to regulate various growth processes (Nagpal et al. 2005 , Liang et al. 2014 , were also differentially expressed. Previous studies have shown that miR159 and miR319 are involved in flower induction with their target MYB and TCP genes via gibberellin or ABA signaling (AlonsoPeral et al. 2010 , Ortiz-Morea et al. 2013 , Rubio-Somoza and Weigel 2013 . In our study, miR159-MYB and miR319-TCP showed different responses to the gibberellin and PAC treatments, indicating that they are involved in apple flower induction. A previous study showed that GRAS members were affected by exogenous gibberellin treatment (Fan et al. 2017a) ; here, we found that their associated miR171 showed similar expression patterns, indicating that it has an important role in flower induction. Additionally, the well-known miR156 and miR172, whose functions have been reported to be associated with flower development, showed differential expression. Overexpression of Md-miRNA156h led to an extended juvenile stage and late flowering, while overexpression of Md-miR172e resulted in earlier flowering (Sun et al. 2013 . Here, miR156 expression was higher while miR172 expression was lower after gibberellin treatment, suggesting that miR156 and miR172 play different roles in regulating flower induction in response to gibberellin and PAC in apple; this model might be conserved among different plants (Jung et al. 2011) . Further, 5'-RACE also confirmed the target relationship of miR156 and SPL.
In the KEGG and COG analyses, the enriched pathways for the miRNA target genes included plant hormone signal transduction, sugar-and energy-related processes, and peroxisome-related processes (Fig. S5 ). These pathways were also enriched in the DEGs from RNA sequencing. For example, plant hormone signaling, photosynthesis and redox status were the main significant processes (Supplementary Tables  S4, S5 ).
Functional identification of the candidate gene MdSPL3 in apple flower induction
Previous studies have shown that SPL genes played various roles in regulating growth and development processes, including phase transition, leaf and abscission zone development, and copper responses, and affect crop yield . Among these biological roles, their association with flowering is important and has attracted much attention. It was reported that SPL members integrate the gibberellin, age and photoperiod pathways to control flowering in Arabidopsis (Yamaguchi et al. 2009 , Jung et al. 2012 , Yu et al. 2012 , Yamaguchi et al. 2014 . However, little functional research has been reported in fruit trees, and the involvement of SPL genes in flower induction is uncertain. Here, we identified SPL genes in the apple genome (GDDH13 Version 1.1) (Daccord et al. 2017) . We roughly identified 31 putative MdSPL genes, including three members (MD11G1251800, MD12G1060000 and MD12G1060200) that had an incomplete zinc finger, which were different from the previous reportedly 27 MdSBP genes in apple (Li et al. 2013) . Differences in gene numbers may be partially associated with the identification methods used. For example, 146 and 142 MdMADS-box genes (Tian et al. 2015 , Kumar et al. 2016 ) and 141 and 112 MdbZIP genes (Y.Y. were reported in apple. Additionally, the SPL genes showed different chemical characteristics among different members (Supplementary Table S12 ), similar to other flowering gene families (Fan et al. 2017a , Fan et al. 2017b . The MdSPL genes clustered with AtSPL genes in a phylogenetic tree. Overall, our identification and basic characterization of SPL genes provide valuable information for further research. After exploring their expression patterns in response to exogenous gibberellin and PAC treatments, we focused on one candidate, MdSPL (MD11G1251800), whose expression was inhibited by gibberellin but promoted by PAC. We cloned the MdSPL gene from apple buds and analyzed its deduced protein sequence from the apple genome. The cloned sequence was nearly identical to that of AtSPL3, and it was named MdSPL3 according to this homologous relationship. MdSPL3 protein contained the conserved DNA-binding domain and nuclear localization signal (Li et al. 2013) .
As it showed different expression patterns in response to gibberellin and PAC, we speculated that MdSPL3 plays a role in regulating flower induction. MdSPL3 was confirmed to be localized in the nucleus (Fig. 9A) , consistent with the sequence prediction. We further constructed transgenic lines by overexpression MdSPL3 in Arabidopsis. First, different floral primordium differentiation processes can be found in the three lines and the wild type (Fig. 9C) , and all the transgenic lines flowered earlier (Fig. 9B) . Meanwhile, that overexpression of MdSPL3 led to high transcript levels in other tissues (CL, RL, ST, FT and FR) in Arabidopsis indicated that the candidate MdSPL3 was involved in flower induction. Additionally, some leaf morphology changes were observed in the MdSPL3-overexpressing lines in Arabidopsis.
Previous studies showed that AtLFY, AtAP1 and AtFUL were direct target genes of AtSPL3, and were all activated by AtSPL genes (Yamaguchi et al. 2009 , Jung et al. 2012 . To determine whether overexpression of MdSPL3 affected the expression of the downstream genes LFY, AP1 and FUL, we analyzed their expression in the transgenic lines. The results showed that all three genes had higher expression levels in the transgenic lines compared with the wild type. This indicated that they were activated by SPL3 and might be downstream genes of SPL.
Overall, our results suggested that the candidate gene MdSPL3 was involved in regulating flower induction. However, with regards to the different networks and the molecular basis of flower induction in apple and a model plant, future work should focus on functional analysis of MdSPL in apple.
In summary, our results reveal a putative framework and gene regulation modules for the gibberellin-and PAC-mediated flower induction networks and represent a valuable foundation to explore flower induction in apple (Fig. 10) .
Materials and Methods
Plant materials and treatment
A total of 45 six-year-old 'Naga No.2' apple trees were used in 2015. T337 and Malus robusta Rehd were used as inter and base stocks, respectively. They were planted and managed at Yangling Apple Modern Demonstration Agriculture Technology Park (Northwest A&F University), Shannxi, China (34 G'N, 109 2'E). Trees were randomly divided into three groups, with 15 trees in each. For each group, five trees were regarded as a replication. Trees were treated with 750 mg l -1 GA 3 for group one, 500 mg l -1 PAC from group two and water for group three at 30 DAFB (May 10, 2015) , when most current shoots stopped and flower induction began. All treatments were sprayed with a low-pressure hand-wand sprayer to the whole tree as previously reported . Terminal buds were collected from current-year spurs (<5 cm) at 30, 40, Fig. 10 Framework and gene regulation modules of gibberellin-and PAC-mediated flower induction in apple. 50, 60, 70, 80, 90, 120, 150 and 180 DAFB. Buds for hormone content and gene expression were put into liquid nitrogen and then stored at -80 C. Buds for morphological and physiological analyses were brought to the lab in an ice box.
Determination of flowering rate, shoot types, buds growth characterizations and hormone content Flowering rate was calculated on the full bloom day in the following year. First, a total of 100 terminal buds on short shoots were tagged at 20 DAFB from each block in 2015; flowering rate was calculated according to the number of flowers among the tagged buds . Shoot types were also observed and measured as long shoot (>15 cm), middle shoot (5-15 cm) and spur (<5 cm). Bud weight and size were also determined with a sensitive balance and Vernier gauges.
A 0.4 g aliquot of fresh buds was used for hormone determination at the center of Plant Growth Regulator (China Agriculture University). Hormones including IAA, GA 1+3 , GA 4+7 , ABA and ZR were determined with an enzyme-linked immunosorbent assay (ELISA) and calibrated as in a previous study . Details of hormone extraction and measurement were described by Fan et al. (2016) .
Scanning electron microscopy and paraffin section analysis
Collected buds were first dissected under an anatomical lens, fixed with 2.5% glutaraldehyde at 4 C for 24 h and then washed by phosphate-buffered saline (PBS; pH 6.8) for 10 min four times. They were dehydrated with different concentrations of ethanol (30, 50, 70, 80 and 90%) for 20 min, and with 100% ethanol for 30 min three times. They were subsequently washed with isoamyl acetate for 30 min. Finally they were dried with desiccators and observed with a scanning electron microscope (JSM-6360LV).
For Arabidopsis morphological analysis, leaves were collected and fixed with buffer (formalin:glacial acetic acid:70% alcohol = 1:1:18) for 24 h at room temperature. They were then dehydrated with different concentrations of ethanol (50, 70, 80, 90, 95 and 100%) and stored in 70% ethanol, followed by infiltration by a different ethanol series (85, 95 and 100%) with xylene, and embedded in paraffin. Sections 8-10 mm thick were transferred to glass slides, deparaffinized and re-hydrated with different ethanol concentrations (95, 85, 70, 60, 30 and 0%) . They were then stained with Ehrlich's hematoxylin for 30 min and washed with different ethanol concentrations (30, 60, 80, 90, 95 and 100%) for 5 min, then sealed with resinene. They were finally observed with an optical microscope (Olypmus BH-2).
RNA extraction and library construction
Buds from 50 DAFB, which were still at the physiological stage, were used for sequencing (Xing et al. 2015 . Total RNAs were extracted with the RNeasyPlant Mini Kit (Qiagen) according to the manufacturer's protocols.
For cDNA library construction, mRNA was enriched with magnetic oligo(dT) and then cleaved into small fragments for cDNA synthesis. The fragment was further purified with dNTPs, RNase H and DNA polymerase I. They were then selected for PCR amplification. After agarose gel electrophoresis, Agilent 2100, Qubit 2.0 and ABI StepOnePlus Real-Time PCR systems were used for qualification and quantification of the libraries. The satisfactory libraries were sequenced on an Illumina Hiseq 2500.
For small RNA library construction, 17-35 nt gel fragments were used and connected 3' to 5' with T4 RNA ligase. They were then transcribed into cDNA with Super-Script II Reverse Transcriptase (Invitrogen) followed by PCR amplification. Further purified PCR products were analyzed with Agilent 2100 and ABI StepOnePlus Real-Time PCR and then sequenced with HiSeq2500.
RNA sequencing and bioinformatics analysis
Raw data were filtered and the clean data were generated by removing low-quality reads. Q20 and Q30 were also analyzed. The high-quality data were further aligned to the apple genome GDDH13 Version 1.1 (https://urgi.versailles.inra.fr/Tools/ REPET) (Daccord et al. 2017 ) with TopHat v2.0.12. HTSeq v0.6.1 was employed to investigate mapped reads to each gene. FPKM was calculated to assess gene expression levels. DEGs were generated with two biological replications by the DESeq R package (1.18.0). A P-value <0.05 was defined as differentially expressed.
GO enrichment analysis of DEGs was generated by the GOseq R package, with a P-value <0.05 regarded as significant. KEGG was analyzed and KOBAS software was also used to investigate the statistical enrichment based on the http://www. genome.jp/kegg/ (Mao et al. 2005 , Kanehisa et al. 2008 . Protein interaction analysis was performed according to the interolog from Arabidopsis based on the STRING database.
Small RNA sequencing and bioinformatics analysis
Small RNA sequencing was also performed with the same tissues from RNA sequencing. Clean data were obtained by moving some, such as low reads, those with >10% N content, 5' primer contaminants, without the insert fragments or the 3' primer, or poly(A), (T), (G) or (C). The subsequent clean data were then mapped with the apple genome for further analysis (Langmead et al. 2009 , Daccord et al. 2017 . Mapped reads were also aligned to Rfam to remove protein-coding genes, repeat sequences, rRNA, tRNA, snRNA and snoRNA. Known miRNAs were obtained using mapped small RNA tags based on miRBase20.0 and mirdeep2 (Friedlander et al. 2012) . Novel miRNAs were predicted based on the hairpin structure of miRNA precursors (Friedlander et al. 2012 , Wen et al. 2012 ; custom scripts were employed to analyze miRNA counts. miRNA family analysis was performed based on the miRBase (http://www.mirbase.org/ftp.shtml) and Rfam database (https://rfam.sanger.ac.uk/search/). miRNA target prediction was performed by psRobot_tar in psRobot. miRNA expression was calculated by TPM (transcripts per million) with mapped read count/total readsÂ1,000,000. Differentially expressed miRNAs were evaluated using the DESeq R package, with a P-value <0.05 set as differentially expressed.
5'-RACE analysis of miRNA target cleavage sties
For 5'-RACE, total RNA was extracted from a mixture of gibberellin-treated, PAC-treated and control buds at 50 DAFB with TRIzol reagent (Tiangen Bio Company). A SMARTer RACE 5' kit (TAKARA BIO INC.) was used to generate and map the cleavage sites. Primers are listed in Supplementary Table S14. mRNA and miRNA expression analysis qRT-PCR was performed with 20 ml mixed buffer (10 ml SYBR Green Premix Ex Taq, 0.8 ml forward/reverse primers, 2 ml cDNA, 6.4 ml H 2 O) within 2ÂSYBR Premix ExTAq II (TAKARA BIO) on an iCycler iQ Real Time PCR Detection System (Bio-Rad) as in our previous study, and the apple EF-was used as internal control for normalization . Three biological replicates were performed and calculated as in previous methods (Livak and Schmittgen 2001) . A stem-loop qRT-PCR was used to determine the miRNA expression patterns according to previous methods .
Additionally, semi-quantitative RT-PCR was also performed with a 20 ml mixed buffer (10 ml PCR mix Taq, 0.8 ml forward/ reverse primers, 2 ml cDNA, 6.4 ml H 2 O) with 2Â Taq MasterMix (CWBIO) as per the manufacturer's instructions. All primers are listed in Supplementary Table S14 .
Characterizations of SPL genes in apple and their phylogeny
The SBP domain (PF03110) was obtained from the Pfam database (http://pfam.xfam.org/) and then searched against the apple genome. All putative apple SPL genes were then analyzed to explore their conserved SBP domain locations based on NCBI (https://www.ncbi.nlm.nih.gov/); genes without SBP domains were removed. The Arabidopsis SPL protein sequences were downloaded from The Arabidopsis Information Resource (http://www.arabidopsis.org/). DNAMAN was also used to align with their conserved SBP domains. MEGA 6.0 was used to determine their phylogenic interactions with NeighborJoining based on their protein sequences. All the apple SPL chemical characterizations were also investigated with the ExPASy database (http://web.expasy.org/protparam/) and the SOPMA database (https://npsa-prabi.ibcp.fr).
Plasmid construction, subcellular locations and genetic transformation
A pair of specific primers was designed to isolate the candidate SBP gene, which was cloned from apple buds. It was then fused with pCAMBIA2300-GFP. Arabidopsis mesophyll protoplasts were obtained according to a previous study, with slight modifications (Yoo et al. 2007 ). They were maintained in a dark room for 18 h then fluorescence was detected with an Olympus BX-51 inverted fluorescence microscope. The product was fused with pCAMBIA2300 to generate the overexpressed MdSPL. After sequencing, they were electroporated to GV3101 (Agrobacterium tumefaciens) and transformed to Arabidopsis thaliana (ecotype Columbia) following the floral dipping method. Finally, T 3 homozygous lines were used for experimental research.
Statistical analysis
Data underwent an analysis of variance and the means were compared by a t-test at the 5% level using the SPSS 11.5 software package (SPSS). Figures were prepared using Origin 7.5 (Microcal Software Inc.).
Supplementary Data
Supplementary data are available at PCP online.
